We consider the coherent population trapping phenomenon in a thermal sodium atomic beam. We compare the different coherent population trapping schemes that can be established on the D 1 line using the Zeeman sublevels of a given ground hyperfine state. The coherent population trapping preparation is examined by means of a Hanle effect configuration. The efficiency of the coherent population trapping phenomenon has been examined in presence of optical pumping into hyperfine levels external to those of the excited transition. We show that both the contrast and the width of the coherent population trapping resonance strongly decrease when the optical pumping rate is increased. In the experiment, the loss rate due to optical pumping has been controlled by means of a laser repump of variable intensity.
I. INTRODUCTION
Recently the Coherent Population Trapping (CPT) phenomenon has received a large interest, also in connection with its applications, for example the laser cooling below the recoil limit or lasing without inversion (see [1] for a review). At the beginning CPT theoretical studies were restricted to the three-level Λ-system [2, 3] , but recently they have been extended to different atom-light interaction schemes [4, 5] . Despite the large amount of data available on the CPT phenomenon exploited in several atom-light interaction schemes, the features related to different level schemes and established on a given atomic species, have never been directly compared. On the other hand, the increasing interest for CPT applications requires realistic calculations taking in account processes as the loss towards the external states, the Doppler broadening of the absorbing transition, the collisions, all of them present in the experiment and determining the strength of the CPT resonance.
The main goal of the present investigation is to study the dependence of the CPT phenomenon on the atom-laser interaction parameters. In this paper we focus our attention on the level schemes that can be established on the sodium D 1 line using as ground states the Zeeman sublevels of the same hyperfine component. We investigate theoretically and experimentally the CPT features associated to the different hyperfine optical transitions.
As shown in Fig. 1 , the hyperfine transitions composing the D 1 line are: F g = 1 → F e = 1, F g = 2 → F e = 1, F g = 2 → F e = 2 and F g = 1 → F e = 2. Within all those optical transitions, only a limited number of Zeeman sublevels contribute to the preparation of the CPT coherent superposition of states, and precisely those connected by heavy lines in Fig.   1 . For instance the F g = 1 → F e = 1 transition contains a Λ system that excited by σ + , σ − light produces the coherent superposition of ground states not interacting with the laser radiation. The F g = 2 → F e = 2 transition contains a M system that again excited by σ + , σ − light produces a coherent superposition of three ground states not interacting with the laser radiation. For the transition F g = 2 → F e = 1 both the coherent dark superpositions listed above for the F g = 1 → F e = 1 and F g = 2 → F e = 2 transitions are present. Finally the transition F g = 1 → F e = 2 is not relevant for CPT in the σ + , σ − light configuration, because it does not contain a coherent superposition noncoupled to the laser field.
The experiment is based on the laser excitation of a sodium atomic beam. To produce CPT in the sodium atoms and to investigate its production we have used a Hanle effect configuration. The sodium atoms are excited by monochromatic linearly polarised laser light resonant with an hyperfine optical transition; the degeneracy of the ground state Zeeman sublevels is removed by the introduction of an external magnetic field parallel to the laser propagation direction. For zero magnetic field the atomic system is optically pumped into a coherent superposition of ground states non interacting with the laser field, i.e., the dark or noncoupled state. For a fixed laser frequency, scanning the external magnetic field around the zero value, the atomic fluorescence emitted at right angles with respect to the directions of the laser field propagation and of the magnetic field exhibits a minimum at zero magnetic field with a lineshape dip typical of the Hanle/CPT phenomenon.
We have measured the contrast and the linewidth of the resonance in the Hanle/CPT lineshape versus the intensity of applied laser field. These measurements are compared to analytical and numerical analyses. For a closed optical transition the CPT process is quite straightforwardly understood and described in the frame of the optical Bloch equations.
With an atomic sample in an initial uniform Zeeman distribution, the atomic preparation into the coherent superposition increases with a time constant determined by the optical pumping rate into the noncoupled state. For an open optical transition, i.e., in the presence of atomic levels external to the hyperfine transition resonant with the laser light, the atomic preparation into the coherent superposition is modified by the optical pumping into those levels. The atomic time evolution is governed by the competition between optical pumping into the noncoupled state and the optical pumping into the external hyperfine states.
We have investigated, both theoretically and experimentally, how the contrast and linewidth features of the CPT resonance depend on the optical pumping rate towards the external levels. Our investigation should be compared to previous CPT studies. The more recent and detailed investigation of the CPT resonance has been performed by Ling et al [7] . Previous accurate studies of the Hanle effect in the ground state [8] [9] [10] [11] [12] have examined the lineshape dependence on the laser intensity. However none of those studies analysed the role of the different hyperfine transitions as presented here. Ling et al [7] have examined the role of the Doppler broadening on CPT. Their results show that in our experiment the Doppler broadening associated to the residual divergence of the sodium atomic beam has a negligible influence on the measured contrast and linewidth. Thus we have not included the Doppler broadening in our analysis. In the comparison between our data and the theoretical analysis we have discovered that our measured contrast could not reach the theoretical value because the magnetic field compensation was not accurate as required. On the contrary in the experiment by Picqué [12] the very good magnetic field compensation allowed the author to reach the contrast predicted by the theory. Thus we have used the data of ref. [12] for completing the comparison with our theoretical analysis.
In the present work Section II contains a theoretical analysis of the CPT process based on the analytical and numerical solution of the optical Bloch equations. Section III describes the experimental setup and the experimental results. Section IV contains the comparison between the theoretical analysis and the experimental results. In Section V conclusions are presented.
II. OPTICAL BLOCH EQUATION
We consider a sodium atom interacting with a linearly polarized monochromatic laser light resonant with one of the hyperfine transition of the D 1 line and propagating in the direction Oz
with ǫ i the unit vector of the i polarization. We indicate by F g → F e the transition pumped by the laser, F g and F e being the quantum numbers of the total angular momentum of the hyperfine levels of the 2 S 1/2 and 2 P 1/2 levels, respectively. The quantum number of the total angular momentum of the other hyperfine level of the 2 S 1/2 level will be denoted by
magnetic field B is applied in the direction Oz.
For the z-axis as quantization axis, the optical Bloch equations (OBE) for the system
:
The quantities ω α i ,β j , with α, β = (e, g), represent the frequency separation between the levels α i and β j , including the Zeemand splittings of the ground and excited levels due to the applied magnetic field B
Γ is the total spontaneous emission rate for any excited level, Γ Fe→Fg denotes the spontaneous decay rate on the F e → F g transition and α Fe→Fg;F g ′ the ratio between the spontaneous decays on the F e → F g ′ and F e → F g transitions. This ratio is given by [13] 
The term α Fe→Fg;F g ′ describes the loss due to spontaneous decay to the ground level F g ′ external to the transition pumped by the laser. Note that the term Γ Fe→Fg (1 + α Fe→Fg;F g ′ ) in Eqs. (2) is equal to Γ so that the description through α evidences the role of the spontaneous decay towards external levels. For the hyperfine components of the D 1 transition the values of α are
In the dipole approximation the atom laser interaction has matrix elements
The spontaneous emission repopulation terms are [14, 15] 
In order to examine the influence of the external levels on the Hanle/CPT resonance around zero magnetic field, we have solved numerically the time-dependent OBE with the 
In our experiment on an atomic beam, we detect a signal proportional to the integrated fluorescence intensity emitted by an atom interacting with the laser light during a time t f
In the case of a closed atomic system, if the time-integrated detected signal corresponds to a long interaction times t f , the transient initial regime produces a negligible contribution to the overall intensity. The contrast, between the maximum and the minimum of the emitted fluorescence intensity, defined as in ref. [1, 16] , approaches hundred percent when all the atoms are pumped into the noncoupled state. In the case of an open system the excited state occupation at the steady state is equal to zero: all population is lost because of the presence of the external state. In this case the transient regime produces the most important contribution to the integrated emitted intensity, which exhibits a Hanle/CPT resonance with contrast strongly depending on the atomic transition. 
III. EXPERIMENTAL SET-UP
The experimental setup is shown in Fig. 4 . We used a single mode CW dye laser; the light polarization was linear and the propagation direction orthogonal to the thermal sodium the applied laser intensity, as observed in the experiment. However the maximum contrast achieved in our experimental observations is lower than that predicted by the theory. For instance for the F g = 2 → F e = 1 hyperfine transition, the maximum theoretical contrast is sixtyseven percent, while the measured value of the maximum contrast on that transition is around fifty percent. In order to examine more carefully the comparison between theory and experiments, our theoretical analysis has been applied also to the Hanle/CPT measurements published by Picqué [12] in an experimental configuration very similar to the present one, on the F g = 2 → F e = 1 hyperfine transition of the sodium D 1 line as a function of the applied laser field intensity. The contrast of the Hanle/CPT resonances, as derived from the five curves published in [12] , and the results of a theoretical analysis for the interaction times of that reference are reported in Fig. 7b . In this case the agreement between our theory and the experimental results is very good, confirming the validity of the theoretical approach. The experiment of [12] reported a compensation of the stray magnetic fields within 10 mG over the whole atom-laser interaction volume. Thus our failure to reproduce the theoretical contrast is produced by an imperfect compensation of the magnetic field in our apparatus. More precisely owing to the presence of some magnetic field gradient present in the atom-laser interaction region, the magnetic field could not be compensated over the whole interaction region through our Helmholtz coils.
For the D 1 excitation on sodium atoms none of the hyperfine optical transitions is closed.
However experimentally a closed-like situation can be realized through the application of a repumping laser which compensates the losses termρ e i e i = −α Fe→Fg;F g ′ Γ Fe→Fg ρ e i e i for the population decay. We examined, for a given transition, the dependence of contrast and linewidth on the population loss rate, by applying a repumping laser to partially compensate the losses towards external states. Varying the intensity of the repumping laser it was possible to study the features of the CPT resonance as a function of the rate of population losses. Obviously the repumping transition should be chosen in order to not produce an additional noncoupled coherent superposition. In the case of the sodium D 1 line the most favourable transition for this study is the F g = 2 → F e = 2 transition because the transition F g = 1 → F e = 2, without noncoupled state, as verified by the record in Fig. 5d , can be used for repumping. The CPT results in presence of a repumping laser are reported in Fig. 8 : it is clearly visible that the contrast and the width of the CPT resonance increase for increasing power of the repumping laser, i.e., for a decreasing rate of population losses.
These experimental results can be compared to the theoretical ones of Fig. 2 . The presence of a repumping laser, compensating for the losses towards external states, is equivalent to a longer lifetime of the excited state. Thus starting from the configuration of an open system as in Fig. 2(b) in absence of the repumping laser, its application produces an effective closed system as in Fig. 2(a) . It should be noted that the repumping laser does not compensate for the decay rate of the optical coherences. However after preparation of the atoms in the noncoupled states, the optical coherences are zero and their decay is not relevant for the atomic preparation. equations confirms most experimental observations, except that the maximum contrast is lower than the expected one because of the not perfect compensation of the magnetic field in the experiment. However our numerical analysis is in agreement with the contrast measured in a previous experiment [12] where a very good magnetic field compensation was applied.
The experimental data show that the contrast of the Hanle/CPT dip is less than 100 %.
It depends strongly on the population loss rate and it can be controlled by means of a repumping laser that compensates the rate of population losses towards the external levels.
The contrast of the Hanle/CPT resonance is only weakly affected by the small Doppler broadening associated to the atomic beam.
Note that in the regime of very large saturation, the power broadening of the spectral lines does not allow the interpretation of the experiment as a pure F g → F e transition with losses on F g ′ . Let us consider for example the case of F g = 1 → F e = 1 (Λ-scheme). At large laser saturation the absorption lines F g = 1 → F e = 1 and F g = 1 → F e = 2 are excited simultaneously. Thus we don't have a pure Λ-system but a Λ + W system where the states are not completely dark for the laser absorption.
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